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We measured the magnetic correlations in the triangular lattice spin-liquid candidate material
YbMgGaO4 via polarized neutron diffraction. The extracted in-plane and out-of-plane components
of the magnetic structure factor show clear anisotropy. We found that short-range correlations
persist at the lowest measured temperature of 52 mK and neutron scattering intensity is centered
at the M middle-point of the hexagonal Brillouin-zone edge. Moreover, we found pronounced spin
anisotropy, with different correlation lengths for the in-plane and out-of-plane spin components.
When comparing to a self-consistent Gaussian appoximation, our data clearly support a model with
only first-neighbor coupling and strongly anisotropic exchanges.
Anderson proposed in a seminal paper that the
ground state of the spin-1/2 Heisenberg triangular
lattice antiferromagnet (TLA) is a ”quantum liq-
uid” of resonating valence bonds [1]. Later studies
of this model mostly showed an ordered ground
state, with sublattice magnetization 〈S〉 = 0.41S
[2–7]. In contrast to the isotropic model, per-
turbations such as further-neighbor interactions
[8–13] or ring exchange [14, 15] were shown to
destroy Ne´el order and to promote the forma-
tion of a spin-liquid ground state. Real, undis-
torted spin-1/2 triangular lattice systems are rare.
Until recently the charge transfer salts were the
only known class. Members such as κ-(BEDT-
TTF)2Cu2(CN)3 [16] and EtMe3Sb[Pd(dmit)2]
[17] show spin-liquid ground states with a spinon
Fermi surface at low temperature. However the
magnetism of these systems is complicated with
charge fluctuations inducing an effective ring ex-
change between spins that destroys Ne´el order.
Also, no momentum resolved spectroscopic data
of the magnetic excitations, crucial to fully char-
acterize the correlated state, is available due to
the small size of the synthetic crystals.
The recent discovery of YbMgGaO4, an inor-
ganic rare-earth oxide with effective spin-1/2 tri-
angular lattice (see Fig. 1) gives a new opportu-
nity to study frustrated magnetism in this sim-
ple geometry [19]. First studies showed corre-
lated spin fluctuations without long range or-
der at the lowest measured temperature of 50
mK [20]. Moreover, large single crystals enabled
momentum resolved neutron spectroscopic stud-
ies of the magnetic excitation spectrum [21] that
was interpreted both as a spinon Fermi surface
[22] and resonating valence bonds [23]. Support-
ing the resonating valence bond picture, recent
measurements found no magnetic contribution to
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FIG. 1. Single triangular layer of YbMgGaO4 with
the magnetic Yb3+ atoms shown as green spheres.
Surrounding oxygen atoms above and below the tri-
angular plane are shown by red and purple spheres,
respectively. The tilted blue ellipsoids represent the
first-neighbor symmetric exchange tensor [18].
the thermal conductivity [24]. Moreover it has
emerged very recently that crystalline electric-
field randomness induced by the non-magnetic
Mg/Ga site disorder is an essential characteris-
tic of YbMgGaO4[25]. This suggests that the
origin of the low temperature disordered state
might be driven by both intrinsic (quantum fluctu-
ations) and extrinsic (exchange randomness) pa-
rameters. The theoretical development is also
hampered by the lack of consensus on the under-
lying spin Hamiltonian.
In this Letter, we report the results of polarized
neutron diffraction measurements in the candi-
date spin-liquid phase of YbMgGaO4. The experi-
mental technique probes separately the real-space
dependence and the spin-direction dependence of
the spin-spin equal time correlation function. In
rare earth systems such as YbMgGaO4, the mag-
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2netic correlations in spin and real space are en-
tangled due to strong the spin orbit coupling [26].
By measuring the correlations between different
spin components, we could sensitively measure the
anisotropic components of the exchange interac-
tions that are important stabilizing the spin-liquid
ground-state. We could unambiguously identify
the underlying spin Hamiltonian by comparing
our data to self-consistent Gaussian approxima-
tion (SCGA).
We synthesized single-crystal samples of
YbMgGaO4 using the floating-zone method,
described elsewhere [20]. The magnetic suscep-
tibility is identical to previous reports [19, 20].
The data show no sign of magnetic order down to
0.4 K and the previously reported weak plateau-
like feature in the out-of-plane magnetization
around 2 T at 0.4 K, corresponding to half the
saturation magnetization is also observed. We
measured polarized neutron diffraction on the
D7 instrument at ILL, France [27]. The sample
consisted of three coaligned single crystals with
a total mass of 1.12 g and a mosaicity of 4°. We
selected an incident neutron wavelength of 4.86
A˚ (3.47 meV) where the incident neutron flux
is highest. The horizontal scattering plane was
the triangular plane (ab) and the sample was
rotated around the vertical axis, while data were
recorded. To separate the magnetic signal from
the instrument background, nuclear-coherent and
nuclear-spin-incoherent scattering, we employed
xyz-polarization analysis [27]. We collected data
for all three neutron polarization directions and
for both spin-flip (SF) and non-spin-flip (NSF)
channels.
The diffuse magnetic scattering signal of
YbMgGaO4, measured at 52(2) mK, is shown
in Fig. 2(a). The data is calculated from a
linear combination of the six measured neutron
polarization channels, see Sec. 2 of the Supple-
mentary Materials [28]. The resulting signal is
purely magnetic, free of background and it is in
absolute units. The measured magnetic signal
shows a clear momentum dependence, with inten-
sity concentrated around the equivalent M - and
M ′-points of the Brillouin-zone (BZ). Since the in-
cident neutron energy is much higher than the 1.5
meV bandwidth of the magnetic excitation [22],
we can apply the static approximation [29]. In
this case the measured signal S(q) corresponds
to the linear combination of equal-time magnetic
correlation functions Sαβ(q) defined as
S(q) =
∑
α
∫ ∞
0
(1− qˆ2α)g2αSαα(q, ω)dω
=
∑
α
(1− qˆ2α)g2αSαα(q), (1)
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FIG. 2. Map of the magnetic diffuse scattering sig-
nal in YbMgGaO4, measured at T = 52(2) mK. (a)
Magnetic scattering, the upper left region shows the
measured data, while the lower right region is sym-
metrized. (b) The Syy(q) in-plane and Szz(q) out-of-
plane components of the spin-spin equal time corre-
lation function, the corresponding SCGA calculation
is shown in Fig. S1 in the Supplementary Materials.
Note that intensity is scaled to the maximum signal
on both sides.
where gα denotes the diagonal values of the g-
tensor (gx = gy = 3.06, gz = 3.721 [20]).
The xyz neutron polarization analysis also
enables the separation of the Syy(q) =
〈Sˆ(q)ySˆ(−q)y〉 and Szz(q) = 〈Sˆ(q)zSˆ(−q)z〉
components of the spin-spin correlation function.
Here the y axis is in the triangular plane and al-
ways perpendicular to the momentum vector q
and z is vertical. The two components are shown
in Fig. 2(b) revealing a difference. The Szz com-
ponent peaks more sharply at the M and M ′
points and the overall strength of the correlations
is larger (note that intensity map is scaled inde-
pendently to the maximum signal of Syy and Szz).
The spin anisotropy of the correlations in
YbMgGaO4 is best visible in line plots of the non-
symmetrized data shown in Fig. 3. It is infor-
mative to calculate the powder-averaged magnetic
correlations as a function of q = |q| shown in Fig.
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FIG. 3. Integrated magnetic diffuse scattering sig-
nal of YbMgGaO4 measured at different tempera-
tures and compared to the SCGA calculation. Pur-
ple symbols denote the magnetic signal measured at
10 K, green and blue symbols correspond to the mea-
sured spin structure-factors Syy and Szz at 52(2) mK,
while the blue and green lines show the corresponding
SCGA result simulated at TMF = 120 mK for model
B. (a) Powder-averaged data with black line denot-
ing the magnetic form factor of the Yb3+ ion. (b-d)
Angular dependence of the diffuse scattering signal in-
tegrated between q = 0.9 − 1.3 A˚−1 and q = 2 − 2.4
A˚−1. Black line is a guide to the eye.
3(a). The signal, measured at 10 K, is identical
to the magnetic form factor of Yb3+, confirming
the ideal paramagnetic nature of YbMgGaO4 at
this temperature. At base temperature the cor-
relations between the in-plane spin components
has a more pronounced maximum when compared
to the z-component and both are centered at
q = 1.15 A˚−1. We also integrated the magnetic
signal within the 0.9 < q < 1.3 A˚−1 annulus that
includes the M - and K-points of the first BZ, see
Fig. 3(b). Both the y and z components of the
effective spin show clear peaks at the symmetry
equivalent M -points of the first BZ. We also inte-
grated the magnetic signal between 2.0 < q < 2.4
A˚−1 that includes the center of the second BZ, see
Fig. 3(c). The signal again shows clear peaks at
angles corresponding to the M ′-points while there
is no difference between the y and z components
of the spin in this cut.
The momentum dependence of the measured
magnetic diffuse scattering in YbMgGaO4 reveals
short-range correlations down to the lowest tem-
perature of 52 mK. This temperature is far below
the Curie-Weiss temperature of 4 K [19], suggest-
ing a strongly fluctuating magnetic ground state.
The most prominent feature of the diffuse scatter-
ing data is the peak at (1/2, 0, 0), the M point of
the Brillouin zone as previously observed via neu-
tron scattering without separating the spin com-
ponents [21]. This is in strong contrast to the re-
sults of the simplest antiferromagnetic model on
the triangular lattice with isotropic first-neighbor
interactions, where correlations are strongest at
the K-point (1/3, 1/3, 0). This suggests that fur-
ther terms in the Hamiltonian are important in
describing the low temperature correlated state of
YbMgGaO4. Our second observation is that the
correlations are strongly spin direction dependent,
revealing that the underlying Hamiltonian has to
be anisotropic as well. This is indeed expected for
a system with strong spin-orbit coupling and pre-
viously evidenced by magnetic susceptibility, mag-
netization and electron spin resonance measure-
ments in the paramagnetic phase [19, 20]. Also
it was previously shown that strongly anisotropic
couplings are present in the Yb3+-pyrochlore com-
pound, Yb2Ti2O7 [30].
Two different model Hamiltonians have been
proposed that describe the exchange interactions
in YbMgGaO4[21, 31]. The for the ambiguity of
the spin wave fit is two fold. Firstly, the spin
waves in the magnetic field polarized phase are
broad due to the randomness of the g-values [25].
Secondly, the spin wave spectrum is independent
of Jz± for the measured B‖z field direction. In or-
der to compare these models with our experimen-
tal data, we use self-consistent Gaussian approxi-
mation to calculate spin-spin correlations [32, 33],
as detailed in Sec. 4 of the Supplementary Mate-
rials [28]. The SCGA method describes correla-
tions between classical spins taking into account
the fluctuations of the molecular field. It is accu-
rate except the vicinity of the critical point Tc. All
model parameters are fixed by previous fits of the
spin wave dispersion except the model tempera-
ture, that is fitted to our diffuse scattering data.
The reason for taking temperature as a variable
4is that we substitute quantum fluctuations with
thermal fluctuations in the model.
The general model Hamiltonian compatible
with the R3m crystal symmetry of YbMgGaO4
and including anisotropic first and second neigh-
bor interactions is given by
H =
∑
〈ij〉
[JzzS
z
IS
z
j + J±(S
+
i S
−
j + S
−
i S
+
j ) (2)
+ J±±(γijS+I S
+
j + γ
∗
ijS
−
i S
−
j )
− iJz±
2
(γ∗S+i S
z
j − γijS−i Szj + 〈i↔ j〉)]
+
∑
〈〈ij〉〉
[J2zS
z
i S
z
j + J2±(S
+
i S
−
j + S
−
i S
+
j )],
where S±i = S
x
i ± Syi , and the phase factor
γij = 1, e
i2pi/3, e−i2pi/3. The antisymmetric terms
(Dzyaloshinskii-Moriya interactions) are forbid-
den by the lattice symmetry. The first model
(model A) includes first- and second-neighbor ex-
change interactions in the triangular plane and as-
sumed Jz± = 0 (Jzz = 126 µeV, J±± = 13 µeV,
J± = 109 µeV, J2z = 27 µeV, with all other terms
set to zero) [21]. The second model (Model B)
assumes only first-neighbor interactions with the
additional anisotropic exchange term (Jzz = 164
µeV, J±± = 56 µeV, J± = 108, Jz± = 98 µeV)
[31]. Both models produce a peak in the structure-
factor at the M -point and fits the field polarized
spin wave spectrum.
Our SCGA solution of the two models show,
that the difference between the Syy and Szz cor-
relations is sensitive to the exchange anisotropy,
thus providing additional crucial information
about the magnetic Hamiltonian. Using an ef-
fective temperature of 120 mK and the parame-
ters of model B, the calculation reproduces the
low-temperature correlations of both the y- and
z-components of the effective spins very well, as
shown in Figs. 3(a-c) (and in Fig. S1 in Supple-
mentary Materials). Model A has a clearly worse
agreement with the data, see Fig. S1 in Supple-
mentary Materials. Model B accounts for both the
spin anisotropy in Figs. 3(a-b) and the isotropic
character of the higher momentum transfer cut
in Fig. 3(c). The simulation also reproduces the
absolute intensities, suggesting that the data con-
tains no background signal. The SCGA calcula-
tion also recovers the lack of correlations at 10
K, in agreement with the measured paramagnetic
signal (Fig. 3(a)). However the measured modu-
lation of the structure-factor in Fig. 3(d) is not
reflected in the calculation, which gives a com-
pletely flat signal. Thus the angular modulation
of the structure-factor at 10 K is the property of
the magnetic Yb3+ ions. A modulated signal in
the paramagnetic phase is possible if the magnetic
form factor of Yb3+ is slightly anisotropic, as ex-
pected for Yb3+ ions in the local D3d point group
symmetry [34].
Our results shows that the effective spin-1/2
Hamiltonian of YbMgGaO4 contains only first
neighbor interactions. This is in agreement with
the strongly localized nature of the 4f electrons
on Yb3+. Moreover, second neighbor superex-
change interactions require electrons hopping over
two oxygen atoms located on the opposite sides of
the magnetic triangular planes, see Fig. 1. Ad-
ditional dipolar interactions are negligible due to
the large distance. Also a well studied related
compound, Yb2Ti2O7 with similar bond length
have negligible second neighbor exchange inter-
actions [30]. Although the exchange values de-
termined from magnetization and ESR line-width
[20] measurements seem to deviate from model B,
in the analysis of the ESR data the recently found
g-tensor randomness was not taken into account
[25]. The observed broad distribution of the g-
values have strong influence on the field dependent
ESR spectrum.
The best fitting model also suggests, that the
theoretical search for the spin liquid or resonat-
ing valence bond ground state should be extended
towards more generic Hamiltonians that include
terms beyond the recently investigated pseudo
dipolar (J±±) interaction [25]. The recently found
crystalline electric-field randomness [25] has led to
the proposal that the randomness of the pseudo-
dipolar term can induce a disordered ground state,
which can be identified as a spin-glass like state
[35]. In this work the XXZ model with addi-
tional pseudo-dipolar interactions was studied via
DMRG calculations showing that the parameters
of model A put the system deep into the stripe
ordered phase. The analysis attributed the ex-
perimentally observed lack of long range order to
the Ga/Mg site disorder by introducing spatially
random values of J±±. Although the existence of
site disorder and g-tensor randomness was shown
experimentally [25], there is no evidence of the
proposed exchange randomness. According to our
analysis, it is absolutely necessary to extend the
theoretical search to more general first neighbor
Hamiltonians and potentially including exchange
disorder and to disentangle the role of the intrin-
sic (quantum fluctuations) and extrinsic (site dis-
order) parameters in the observed low tempera-
ture magnetic phase. First study in this direc-
tion showed that the stability of the 120° mag-
netic order in the XXZ model is decreased due
to enhanced quantum fluctuations when both the
anisotropic J±± and Jz± interactions are included
[36, 37].
In conclusion, we showed that the equal-time
spin-spin correlations of YbMgGaO4 vary in a
5manner consistent with anisotropic exchange in-
teractions between first neighbor pseudospins. By
comparing the measured spin structure-factor to
the SCGA calculation of previously proposed
models, we could show that the first-neighbor-
only model describes our experimental data best.
Our confirmation of the spin Hamiltonian of
YbMgGaO4 shows the direction where theory
should search for the description of the proposed
spin-liquid phase.
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